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WATER QUALITY ASSESSMENT OF A NOVEL WELL DESIGN: EVENT-
BASED SAMPLING AND GEOCHEMICAL REACTIVITY EXPERIMENTS 
 
By: 
Harrison A. Simbliaris 
University of New Hampshire 
 
Arsenic contamination is a major human health issue both globally and within the United 
States with roughly 30% of privately sourced drilled wells in New Hampshire containing arsenic 
exceeding the MCL. A novel shallow well design has been developed by the US Geological 
Survey to remedy the issues of the traditional dug well design that resulted in it being phased out 
for drilled wells. By tapping into shallow glacial aquifers, the physiochemical parameters are 
favorable for the adsorption and removal of arsenic from drinking water. Event-based field time-
series and laboratory batch dissolution experiments were carried out on crushed backfill media 
used in a novel shallow well design to determine the effects of changing physicochemical 
parameters and water table conditions on the release of trace metals in privately sourced drinking 
water. During the hours and days following a precipitation event pH decreased between 0.35 and 
0.4 and DO increased by about 0.25 mg/L. These changes in physicochemical parameters and the 
associated changes in water table elevation between low water table conditions and the heavy 
precipitation event did not show any statistically significant changes in water quality. There was 
a release of copper in both wells in the hours following the precipitation event but they were not 
statistically significant from copper concentrations across a year-long sampling period. Copper 
concentrations were also quickly reabsorbed or removed from the aquifer in the days following 




conditions (pH ~2) arsenic is strongly correlated to changes in iron in solution, whereas, at more 
alkaline pH (pH >8), pH was the dominant control on arsenic dissolution. In the Concord Granite 
experiments, uranium concentrations are highest where rubidium-strontium ratios are lowest 
indicating a linkage between calcium and magnesium-rich minerals and uranium. Uranium 
release from the glacial till was linked to the dissolution of zinc into solution, likely the result of 
sphalerite dissolution. A large release of zinc into solution during pH 2 experiments resulted in 
uranium concentrations over 4 times the maximum contaminant level. Overall, leaching of 
uranium from outside sourced backfill material appears to be ephemeral release events rather 
than long-term chronic dissolution events and therefore the currently used backfill sources are 




 As the global population continues to expand, access to clean drinking water will become 
increasingly stressed. Currently, 663 million people globally are recognized as being without 
access to a clean drinking water source (Dos Santos et al. 2017). Furthermore, future climate 
variability may further stress drinking water supplies and accordingly could threaten access to 
safe drinking water around the world. In the US, access to drinking water is often not as large of 
a concern as drinking water quality. Direct impacts of climate change on drinking water quality 
and availability is linked to changes in the natural fluxes of groundwater systems. Global climate 
models predict drier summers, increased rates of evapotranspiration and increased frequency of 
extreme weather: both droughts and severe storms resulting in floods (Baba et al. 2011). In 
certain regions globally, these groundwater stressors have resulted in wells being drilled deeper 
to reduce the interactions of climate variability with sourced waters.  
In New England, drinking water sources from 1930 to 2000 have shown a decrease in 
dug well usage from ~50% down to less than 20% corresponding with a subsequent increase in 
drilled bedrock well usage from 15% up to 75% (Baris et al. 2016). This change in well usage 
links with changes in the physicochemical make-up of tapped waters. For example, dug wells in 
New Hampshire often capture water from poorly sorted glacial till that is often well oxygenated 
and low in pH, a result of relatively short residence times (Kim et al. 2002). By contrast, drilled 
wells often tap into waters with longer residence times and thus, have higher pH and lower 
dissolved oxygen concentrations (Kim et al. 2002). The long residence times allow for longer 
contact between water and rock, increasing the probability of high concentrations of trace metal 
contaminants. Accordingly, growing usage of drilled wells in New England has, in some 
locations, resulted in changes in redox conditions that have allowed for the mobilization of 
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metals such as arsenic (As) and iron (Fe) that were not previously an issue in drinking water at 
concentrations exceeding maximum contamination level (MCL) (Ayotte et al. 2003, Peters et al.  
1999).  
Population growth in many countries has led to increased reliance upon groundwater for 
drinking water. Currently, about 46% of the population in northern New England relies on 
private wells as their primary source of drinking water (Moller and Morassi 2009). Of those that 
are reliant on private wells, up to 120,000 people (~30% of drilled wells) could potentially be at 
risk of exceeding the MCL for As (Andy et al. 2017; Fahnestock et al. 2017). Currently, more 
than 50 countries and greater than 140 million people are exposed to As concentrations 
exceeding the World Health Organizations guideline value of 10 parts per billion (World Health 
Organization). In countries such as Bangladesh, more than 39 million people are exposed to As 
concentrations exceeding the MCL, contributing to 21.4% of all deaths in some regions (Argos et 
al. 2010).  
High As concentrations can be found in several different geochemical and physical 
environments. The most common environments include oxidizing conditions with high pH, 
reducing conditions, and areas associated with geothermal, mining, and industrial activities 
(Smedley and Kinniburgh 2002). In New England, high As concentrations are dominantly 
associated with being geogenic in origin, with no evidence for major anthropogenic sources 
(Ayotte et al. 2003). The dominant species of As (As (III) and As (V)) are both found in the pH 
conditions (6-9) present in the groundwater aquifers of New Hampshire (Panagiotara & 
Nikolopoulos 2015). Under oxidizing conditions, As (V) is the most common As species and is 
strongly adsorbed to hydrous Fe and Mn oxides, safely removing it from waters (Gallegos-
Garcia et al. 2012, Smedley and Kinniburgh 2002).  
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 Consequently, one way to reduce As concentrations in drinking water is to access ground 
waters that are oxic and acidic. The reintroduction of shallow dug wells that tap into glacial 
aquifers could be one potential solution in the northern U.S. and in regions where there is 
unconsolidated glacial sediment and the water table is near land surface. Warner and Ayotte 
(2014) found that water sourced from glacial sediments are often naturally low in As with less 
than 2.5% of samples having As exceeding the MCL when waters were oxic (dissolved oxygen 
>0.5 mg/L) and had acidic pH. Additionally, waters that were oxic and alkaline also had low 
concentrations of As with less than 5 percent of wells exceeding the MCL. By accessing glacial 
aquifers that contain oxic waters, the reintroduction of shallow dug wells may be a viable 
solution to reducing As in privately sourced drinking water.  
A new shallow well design depicted in Figure 1 and described in Section 2.2.1 has been 
introduced as a potential solution to As contamination and a safe alternative to the present New 
England dug well design, that generally contains poor sanitation and has an increased risk of 
running dry during low water conditions (Winston and Ayotte 2017). To decrease the risks of 
running dry, the new shallow well design uses a crushed gravel fill material to increase the 
storage capacity of the aquifer. Event-based time-series analysis in collaboration with year-long 
time series data collected by the United States Geological Survey (USGS) in Pembroke New 
Hampshire was conducted to understand how drying and wetting periods affect water quality 
(Chapter 2). Laboratory batch reactivity experiments were also conducted under varying pH and 
oxygenated conditions to identify issues with the leaching of trace metals that may occur from 
outside sourced crushed gravel fill materials (Chapter 3). The major concern during both studies 
is how the concentrations of uranium (U) change overtime due to their increased solubility under 
oxic and acidic conditions. To capture the links between lithology and water quality, the fill 
materials discussed in Carlisle et al. (2019) were analyzed to assess water-rock reactions under 
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varying pH conditions. By understanding how different redox conditions affect leaching from 
crushed gravel fill materials, an analysis of the benefits and drawbacks of source material type is 
achieved. This analysis will help to reduce the probability of producing poor water quality by 
providing an understanding of how the gravel fill materials react to the surrounding groundwater 
under varying physicochemical environments. Additionally, pH 2 experiments are representative 
of a geochemical end member, or worst-case scenario, where source waters are contaminated by 
acid mine drainage or undergo closed system microbial acidification during low water table 
conditions through the secretion of organic acids. 
The introduction of crushed gravel fill into shallow groundwater systems could 
negatively impact water quality as it could increase the solubility and mobility of a variety of 
trace metals; of which the highest concern is U. Under oxidizing conditions and a wide range of 
pH, U (VI) can form a variety of oxy-ions and complex ions resulting in its accumulation and 
mobilization (Dutova et al. 2017; Frengstad and Banks 2014). Under reducing conditions and at 
near neutral pH, U (IV) mobility is severely limited due to the formation of secondary minerals 
(Dutova et al. 2017). Strong linear relationships have been identified between bicarbonate 
concentrations and U concentrations in groundwater especially at near neutral pH and with high 










CHAPTER 2. FIELD-BASED PRECIPITATION EVENT TIME SERIES 
ANALYSIS 
 
2.1 Shallow Surficial Groundwater Geochemical Vulnerability  
Shallow groundwater systems are naturally replenished through precipitation recharge 
and focused recharge through leakage from surface water bodies (e.g. ephemeral streams, 
wetlands, and lakes) (Taylor et al. 2013). These processes are highly dependent on prevailing 
climate as well as on land cover and underlying geology to determine preferential flow into 
groundwater aquifers (Taylor et al. 2013). Typically, shallow aquifers have short residence times 
with fairly short recharge-discharge cycles and therefore are strongly influenced by variations in 
precipitation (Gunduz and Celalettin 2011). In the Northeast United States, there has been a 74% 
increase in heavy precipitation events exceeding 2 inches per 48 hours over the last 50 years 
(Walshet al. 2014). The frequency of heavy precipitation events is expected to continue to 
increase over the next century as climate change provides erratic fluctuations in local weather 
patterns (Wake et al. 2014; Nissen and Ulbrich 2017). Conversely, the number of days with 
precipitation per year is expected to decrease, resulting in increased frequency of low water table 
conditions during summer months (Wake et al. 2014). Consequently, it is essential to understand 
the impacts of climate variability on shallow groundwater systems in order to determine their 
effectiveness under future climatic conditions. 
Changes in shallow groundwater quality during precipitation events and drought-like 
conditions are a manifestation of natural hydrogeochemical processes including the dissolution 
of carbonates, the weathering of silicates and ion exchange reactions (Mahato et al. 2019). In the 
Northeastern United States, precipitation averages a pH value of about 5.0, according to the 
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National Atmospheric Deposition Program. Acid rain can have many detrimental effects on the 
water quality of shallow aquifer systems, including the mobilization and leaching of toxic heavy 
metals and cations from soils, as well as the acidification of groundwater in regions where 
sediment is predominantly sandy and poor in calcium carbonate (Forster 1985).  
As shallow groundwater aquifers are replenished after extended low water table 
conditions, the geochemical conditions may become favorable for As release. This can be 
especially true in regions where aquifer material may become partially exposed for extended 
periods of time during low water table conditions allowing for increased As dissolution. Levitt et 
al. (2019) proposed a similar hypothesis for shallow public supply wells in southern New 
Hampshire. They stated that As variability can change as a result of two modes: recharge events 
that result in shallow water table depths after low water table conditions and a progressive 
increase of depth to water over the summer months. These two modes of dissolution occur as a 
result of the flushing of As from weathered aquifer material and through the concentration of 
solutes during summer months.  
This study analyzes event-based water samples from two-weeks before, during, and after 
a precipitation event to understand the geochemical evolution of dug well water quality as 
conditions transition from low to high water table. Of major importance is the ability to 
understand how the backfill material described in Section 2.2.1 interacts with acidic pH 
precipitation after experiencing several weeks of lower water table conditions.  
 
2.2 Novel Well Background: Design, Performance and Vulnerability 
2.2.1 NOVEL DUG WELL DESIGN 
A novel shallow well design described in Ayotte (2017) and depicted in Figure 1 uses a 
combination of the best features from a variety of shallow well designs seeking to create a well 
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that is cost effective, easy to install, provides ample supply and mitigates geogenic As 
contamination. The well design that is the basis for this study is composed of a single vertical 
riser with sanitary well cap, pitless adapter, and horizontal screens that extend outward from the 
bottom of the riser the length of the trench in which they were installed (Fig. 1). The trench and 
screens are oriented perpendicular to the direction of groundwater flow to decrease the cone of 
depression. The required length of horizontal screen, and therefore the approximate length of the 
trench, is dependent on the hydraulic conductivity of the aquifer material and the depth of the 
trench relative to static groundwater levels. The well casing design uses common well 
construction materials approved for drinking water sources, including a vertical 6-inch PVC 
casing and fittings, screens installed horizontally, a pitless adapter, and PVC water lines. A 
typical residential submersible pump (e.g. 4-inch submersible pump) was installed in a sump at 
the bottom of the vertical casing. 
        Well installation takes approximately 1 to 2 days to complete and involves excavating a 
trench of calculated length and depth of approximately 20 feet with an excavator and placing and 
securing the completed well casing in the excavation. The trench is then backfilled with 
permeable aggregate such as crushed stone brought in from an external source, up to 
approximately 10 feet below the ground surface. The aggregate is then covered with a geotextile 




Figure 1. The traditional dug well design previously used in the northeast U.S. (Left). The use of 
a concrete cover and mortared joints provide access points for rodents and insects to enter the 
well. The novel dug well design (Right) removes these access points by using a PVC casing and 
sanitary well cap. The excavated hole is backfilled with 1.5-inch crushed stone, a geotextile 
cover and capped with local glacial till.  
 
 
2.2.2 NOVEL WELL PERFORMANCE 
Previous work on the new shallow well design described above was conducted 
collaboratively with Carlisle et al. (2019). The study sampled two new shallow wells, CVW-315 
and LSW-331 (Fig. 2), on a bi-monthly basis from November 2017 to August 2018 sampling for 
parameters including physicochemical, major ions, trace metals, nitrate, and microbiology. 
CVW-315 and LSW-331 were both slightly acidic and oxygenated with values of between 5.5-
6.5 pH units and 1.5-7 mg/L, respectively. The results from the Carlisle et al. (2019) study 
indicated that all major ions and trace metals were below MCL or secondary maximum 
contaminant levels (SMCL) with the exception of manganese (Mn) that exceeded SMCL levels 
of 50 µg/L in just under 40% of samples at LSW-331. Nitrate concentrations were at or above 
the MCL of 10 mg/L in 100% of samples at LSW-331 and leaky septic tanks up gradient are 
thought to be the source. Low total coliform hits of 1-2 colonies per 100mL were detected in 
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315. No E. coli or enterococci were detected in any of the wells. CVW-316 is drilled into 
Concord Granite and contains As concentrations of between 6.11 and 6.79 μg/L, significantly 
higher than As concentrations in CVW-315 and LSW-331 of  between <0.02 and 0.08 μg/L.  
  
 
Figure 2. The locations of CVW-315 and LSW-331 underlain by a modeled As probability map 
of New Hampshire revised from Ayotte et al. (2012). Gradations from light to dark indicate the 
probability of As in drinking water exceeding the US EPA MCL of 10 µg/L. The dark blue 






2.3 Water Table Vulnerability 
 During the extended dry period that occurred during June and July 2018 the water table 
in CVW 315 and LSW 331 dropped by between 1 and 3 feet (Fig. 3; Fig. 4). LSW 331 
experienced a much larger decrease in water table compared to CVW 315 as a result of its 
location within the water table (recharge zone). The water table in both wells remained above the 
crushed gravel fill material during the low water table period, although pumping in CVW 315 
did result in initial drawdown below the crushed gravel fill material before the water table was 
able to rebound. The increased initial drawdown in CVW 315 is most likely the result of 
differences in the make-up of the surrounding native glacial till material between the two wells. 
It is possible water quality could change as the water table transitioned between the native till 
material and the crushed gravel fill material and could be an avenue of research in future studies. 
Additionally, it should be noted that wells were not installed on level ground and therefore it is 





Figure 3. Depth to water table in NH-CVW 315. Star denotes the July 17th precipitation event. 
Red line denotes the top of the crushed gravel fill (groundwater depths taken from USGS).  
 
 
Figure 4. Depth to water table in NH-LSW 331. Star denotes the July 17th precipitation event. 
Red line denotes the top of the crushed gravel fill (groundwater depths taken from USGS).  
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2.4 Methods  
2.4.1 Precipitation Event Sampling 
Water Table Monitoring 
 Water level in distance to land surface datum are continuously monitored throughout the 
sampling period using pressure transducers installed during well installation. The pressure 
transducers record at a resolution of 0.01 feet and recordings are logged on a 5-minute interval to 
capture a fine resolution profile of water levels. Water temperature data is also recorded on the 
same interval using a secondary sensor. The groundwater level data is collected and reviewed in 
accordance with techniques and methods published in the Groundwater Technical Procedures of 
the U.S. Geological Survey (Cunningham and Schalk 2011). 
Water Quality Sampling 
 Two shallow wells, NH-LSW-331 and NH-CVW-315, are each sampled on four different 
days, coinciding with the occurrence of a heavy precipitation event. The first sampling occurred 
on July 12th, 2018 near the end of a dry multi-week period in the region. The second sampling 
occurred approximately three hours into a day-long precipitation event that occurred on July 
17th, 2018. The third sampling occurred on July 19th, 2018, two days after the precipitation 
event occurred. Finally, the fourth sampling event occurred on August 6th, 2018, approximately 
two and a half weeks after the precipitation event. Each sampling event includes a well purging 
at roughly three gallons per minute until physicochemical properties stabilize. Physicochemical 
properties (specific conductance, pH, dissolved oxygen, and water temperature) are field 
measured during well purging. The field meters in use to measure field parameters are calibrated 
daily before use. Unfiltered groundwater samples are collected directly from the pressure tank 
following the purge. Physiochemical and water quality parameters collected during this sampling 
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period will be discussed in relationship to a year-long sampling study of LSW-331 and CVW-
315 performed collaboratively with Carlisle et al. (2019).  
Major Ion and Trace Element Samples 
 The United States Environmental Protection Agency New England Regional Laboratory 
(USEPA-NERL) analyzes untreated, whole water samples for select cations and anions by ion 
chromatography using the United States Environmental Protection Agency method 300.0 (Pfaff 
1993). Reporting levels for major ions were between 0.1 to 0.2 milligrams per liter. Whole water 
acidified (field-preserved with ultra-pure nitric acid) samples are analyzed by the USEPA-NERL 
by inductively coupled plasma mass spectrometry using standard USEPA method 200.8 
(Brockhoff et al. 1999) for selected trace elements.  
 A second whole-water, acidified sample is analyzed by the University of New Hampshire 
Geochemistry Laboratory (UNH-GL) for As, U and lead (Pb) at reporting levels an order of 
magnitude lower than the USEPA-NREL. The laboratory minimum detection reporting levels for 
NH-UNHGL are reported to be 0.02 μg/L. Water samples at the UNH-GL are analyzed (via 
hydride generator-inductively coupled plasma mass spectrometry) using a Cetac HGX-200 
plumbed into a Nu Instruments Attom high resolution inductively coupled plasma mass 
spectrometer following procedures adapted from Klaue and Blum (1999). 
 
2.5 Event-Based Geochemistry Results 
 A July 17 2018 cold front passing through central New Hampshire resulted in over 1.8 
inches of precipitation over a 12-hour period, including an intense precipitation event at the 
beginning of the storm when over one inch of precipitation fell across a 1-hour period. Before 
this precipitation event, the region (including Concord, New Hampshire) was approaching 
drought-like conditions after having not received precipitation for 43 days. Both CVW-315 and 
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LSW-331 decreased in pH during the duration of the event. The pH of CVW-315 declined from 
an initial pH of 6.52 on July 12th to 6.12 on July 19th (Fig. 5). LSW-331 declined from an initial 
pH of 6.08 to 5.73 from July 12th to July 19th (Fig. 5). In LSW-331, Dissolved oxygen increased 
from 1.98 mg/L to 2.25 mg/L between July 12th and July 17th and then decreased to 2.20 mg/L 
on July 19th (Fig. 5). Dissolved oxygen decreased in CVW-315 from 4.36 mg/L to 4.01 mg/L 
between July 12th and July 17th and then increased to 4.25 mg/L on July 19th (Fig. 5). There was 
no significant change in major ions throughout the storm event period (Fig. 6, Fig. 7, Fig 8). 
Arsenic and U concentrations were almost unchanged across the precipitation event with 
increases of between 0.01 and 0.04 µg/L. Copper (Cu) concentrations increased in both shallow 
wells during the precipitation event. Concentrations increased in CVW-315 from 5.6 μg/L on 
July 12th to 13 μg/L on July 17th and then decreased down to 3.5 μg/L on July 19th (Fig. 6). 
Concentrations of Cu in LSW-331 increased from 5.2 μg/L to 7.5 μg/L between July 12th and the 
17th and then decreased down to 5.4 μg/L on July 19th (Fig. 7). 
 Ionic balance calculations provide evidence for the shallow wells being very dilute with 
the majority of the ions being released from dissolution/precipitation reactions (Table A1). In 
LSW-331, a significant percentage of the solution load consists of sodium and chloride, making 
up 68.6% of all ions. CVW-315 by comparison, contains significant percentages of calcium (Ca) 
and bicarbonate, making up 67.5% of all ions. CVW-316 contains waters that have signatures 
similar to CVW-315 with the majority of the chemical composition dominated by Ca and 
bicarbonate making up approximately 60% of the major ions with another 20% coming from 
sodium. The chemical composition of ground waters during the precipitation event was very 
similar to the annual groundwater compositions with a decrease of 3.3% for CVW-315 and 2.1% 




Figure 5. Event-based time series analysis of (a) pH and (b) DO at LSW-331, CVW-315, and 
CVW-316 with additional data from Carlisle et al. (2019). Data collected for this study includes 
a precipitation event-based sampling centered on July 17th indicated by open symbols. PH 
decreased 0.4 pH units in CVW-315 and 0.35 pH units in LSW-331. Standard deviation of pH 





Figure 6. Concentrations of all elements above detection levels in CVW-315 during the event-
based sampling with additional data from a year-long bi-monthly sampling study by Carlisle et 
al. (2019). Data collected for this study includes a precipitation event-based sampling centered 
on July 17th indicated by open symbols. All samples are measured in µg/L except Ca and 




























































Figure 7. Event-based time series analysis of (a) Ca, barium (Ba), and Mn, and (b) Pb, Cu, zinc 
(Zn), Mg, nickel (Ni) in LSW-331 with additional data from a year-long bi-monthly sampling 
study collected in collaboration with Carlisle et al. (2019). The event-based samplings occurred 
during a precipitation event centered around July 17th 2018 indicated with open symbols. All 
samples are measured in µg/L except Mg, Ca which is measured in mg/L. Manganese exceeded 





Figure 8. Event-base time series analysis of (a) As concentrations in CVW-315 (b) As concentrations in LSW-331 (c) Pb, U 
concentrations in CVW-315 and (d) Pb, U Concentrations in LSW-331 with additional samples from a year-long bi monthly sampling 
study in collaboration with Carlisle et al. (2019). All error bars are 1 standard deviation. Any error bars that cannot be seen are error 
bars smaller than the symbol it represents. Symbols with no fill are samples collected as part of the event-based sampling period. Any 







 Groundwater quality concerns that arise as a result of changes in water table height 
appear to be minimal in the shallow dug wells, CVW-315 and LSW-331. Decreases in pH and 
increases in DO during the precipitation event are evidence for a pulse of atmospherically 
sourced, well oxygenated and acidic pH water. It was hypothesized that this changing 
groundwater chemistry would have detrimental impacts on water quality as a result of leaching 
of trace metals from the oxyhydroxide precipitants on the surface of mineral grains and clays. 
There is no strong evidence for this as Cu was the only trace metal that showed any significant 
increase in concentration across the precipitation event. The increase in Cu concentrations across 
the precipitation event does not appear to be linked with any other trace metals. Therefore, the 
Cu is most likely bound to hydroxides on surface grains that are highly reactive under 
increasingly acidic conditions. In CVW-315, Zn and Cu follow very similar dissolution profiles 
across the year-long sampling period, this could most likely be a result of Zn sulfide dissolution 
similar to what was identified in laboratory reactivity experiments discussed in chapter 3. There 
appears to be no correlation between Zn and Cu in LSW-331. Overall, the results of this 
precipitation time series analysis do not show any large-scale leaching issues when water levels 
fluctuate between low-water and high-water table conditions.  
 Although no major leaching occurred during the field-based precipitation experiment, 
laboratory reactivity experiments by Erel et al. (2004) found that wetting and drying of whole 
rock samples results in increased concentrations of 206Pb/207Pb and 87Sr/86Sr. They linked the 
increase in more radiogenic Pb isotopes after drying with Pb release from Fe-oxide coatings on 
plagioclase and perthite. Additionally, it is proposed that the release of more radiogenic Sr is 
thought to be sourced from between the interlayer sites of biotite. Iron concentrations were 
below detection limits in all shallow well samples both within the event-based sampling and 
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across the year long time series data. Although release of Fe from Fe-oxides does not seem likely 
based on these results, it is possible that the Cu was released from other oxide minerals or clay 
surfaces resulting in the rapid release of Cu during the precipitation event followed by rapid 
adsorption over the following 2 days. Trace metals are primarily excluded from the interlayer 
sites of sheet silicates as a result of their low partition coefficients caused by their high charge to 
ionic radius (Z/r) ratio. Therefore, release of trace metals from sheet silicates does not appear to 
be a major concern during the drying and wetting of backfill material. A further understanding of 
the processes and minerals involved in the dissolution and release of trace metals is necessary to 




 Shallow groundwater systems are strongly impacted by changes in extreme weather 
conditions (drought and floods) that are becoming more frequent in the United States and 
globally. The physicochemical parameters (pH and DO) showed rapid changes during the 
initiation of the precipitation event indicative of atmospherically sourced waters to the aquifer. 
The heavy precipitation after an extended period of low-water table conditions did not result in 
the release of harmful trace metals through the acidification of aquifer waters, as was 
hypothesized. Copper was released quickly during the initial hours of the precipitation but was 
quickly re-adsorbed to oxides or the surface of grains and clays over the following days.  The 
most likely source of increases in Cu concentrations across a storm event was from the 
dissolution of oxide minerals on the surface of grains. Any increases in trace metal 
concentrations were quickly removed from the aquifer and the trace metal chemistry returned to 
equilibrium.  
Our experiments indicate that there are no major concerns in water quality as near surface 
groundwater systems transition between low and high-water table conditions. Any changes in 
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water quality appear to be temporary and trace metal concentrations stay well below any MCL or 

























CHAPTER 3. LABORATORY GEOCHEMICAL ANALYSIS OF 
CRUSHED GRAVEL FILL 
 
3.1 Purpose and Scope 
The vulnerability of shallow groundwater systems to outside sourced rock media through 
which they flow has not previously been researched and is not well understood. Kinetic and 
thermodynamic mechanisms that result in mineral dissolution and the release of harmful trace 
metals has been heavily studied (Aagaard and Helgeson 1982; Drever 2005; Ganor et al. 2005). 
In oxic environments, U is often a major concern to human health. The kinetic and 
thermodynamic pathways of U allow it to be readily released into groundwater systems where 
waters are well oxygenated especially in regions where carbonates are dissolved in solution 
(Jurgens et al. 2010). Uranium in natural groundwaters is often geogenic in origin and occurs as 
a common accessory mineral in a variety of igneous rocks (e.g. zircons, monazite, apatite). 
Additionally, U contamination has been associated with anthropogenic activities, such as, mining 
and nuclear waste (Lovley and Phillips 1992). A development of the understanding of relative U 
sources and magnitudes of elemental release from backfilled materials in the shallow 
groundwater systems of New Hampshire will be crucial to providing safe, clean drinking water 
to private well owners.  
In shallow aquifer systems globally, atmospheric and groundwater interactions can play 
essential roles in groundwater quality. The wetting and drying of backfill material across seasons 
could result in increased concentrations of trace metals, especially in grains where highly 
reactive mineral sites are present. During dry periods, parts of shallow aquifers can be exposed to 
the vadose zone, a region where sediment is not fully saturated. During these periods of vadose 
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zone exposure, groundwater can have extended residence times resulting in increasingly 
concentrated trace metals. A lack of saturation can result in higher rock to water ratios that can 
concentrate soluble metals in smaller volumes of water.  Using batch laboratory experiments, the 
evolution of vadose zone groundwater will be analyzed to understand the impacts of drying 
periods on overall water quality.  
 
3.2 METHODS 
3.2.1 LEACHING METHODS 
The two gravel fill materials described in this study consist of crushed Concord Granite 
or a mixture of Concord Granite and 1.5-inch crushed washed stone (blend of gravel and ledge 
stone Concord Granite). The crushed washed stone is washed in a water bath before distribution 
to remove any finer grained materials that are present. Concord Granite is a felsic igneous, two 
mica granite that often consists of high concentrations of As, U, Mn, and Fe depending on redox 
conditions (Flanagan et al. 2014). The gravel material used in the crushed washed stone is 
sourced from glacial till material containing a wide range of rock types and minerals.  
Dissolution experiment methods are adapted from Erel et al. (2004). Rock samples were 
crushed using a BICO Type VD Chipmunk Jaw Crusher and BICO Type UA Disk Pulverizer. 
Crushed samples were sieved using a sieve shaker to isolate grain sizes between 125 and 250 
microns. Four dissolution experiments were run. Experiments included Concord Granite (CB1), 
crushed washed stone (FM1), a 50/50 mixture of Concord Granite and crushed washed stone 
(CBFM1) and a blank. Dissolution experiments were conducted under far-from-equilibrium 
conditions at pH 2 and a temperature of 25°C using HCl as the acidifying solution. Experiments 
were carried out under clean conditions using 60mL Teflon vessels. Ten Teflon vessels were 
used for each rock sample, one for each sampling time. 4.5 grams of isolated sample was loaded 
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into each vessel and 45 mL of aqueous HCl was used to acidify the reaction cell down to a pH of 
2. Ten minutes of regular ultrasonic homogenization occurred every 12 hours for the first eight 
days and then every three days after for the duration of the experiments. Samples were collected 
on a log scale for 32 days, at times of 1, 2, 5, 10, 24, 48, 96, 192, 384, and 768 hours. During 
each sampling time pH measurements were recorded using a pH Testr 20 and pH Testr 35 meter, 
which were calibrated each day before sampling. Dissolved oxygen was also measured using a 
dissolved oxygen CHEMetrics test kit. In addition, four pH 5.5 dissolution experiments were run 
for 32 days using 45 mL of aqueous HCl diluted to a pH of 5.5 and 4.5 grams of each gravel fill 
material. Samples were collected after 24, 96, 384, and 768 hours. Resulting solutions were 
centrifuged and dried down to remove any HCl from solution. After solutions were dried down, 
they were re-dissolved in dilute nitric acid to achieve concentrations in solution within the range 
of the inductively coupled plasma mass spectrometry calibration curve. 
Whole-water, acidified samples were analyzed by the University of New Hampshire 
Geochemistry Laboratory (UNH-GL) for As and U at reporting levels of 0.02 μg/L. Additionally 
samples were analyzed for aluminum (Al), Fe, Ca, Mg, Mn, Pb, lithium (Li), Ba, cobalt (Co), Ni, 
and a wide range of rare earth metals. Water samples at the UNH-GL lab are analyzed via a 
hydride generator-inductively coupled plasma mass spectrometer using a Cetac HGX-200 
plumbed into a Nu Instruments Attom high resolution inductively coupled plasma mass 
spectrometer following procedures adapted from Klaue and Blum (1999). 
  Reactive specific surface area (SSA) was calculated based on the average grain size of 
samples. An average density of 2.65g/m3 was assumed, as is customary during calculations of 
grain size.  
Additionally, samples were analyzed by means of XRD analysis using a Siemens 
Kristalloflex Diffractometer D500. Samples mineral were identified using the Eva V15 Diffrac 
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Plus Evaluation Package. The 125-250 micron samples were ground down using pestle and 
mortar. The XRD uses Cu Kα radiation with a wavelength of 1.415 Å. The scanning angle ranged 
from 8° to 60° of 2θ, with step increments of 0.02° of 2θ and a counting time of 2 seconds per 
step. The current used was 40 Kv and the voltage was 30 mA. 
 
3.3 RESULTS  
3.3.1 Elemental Composition and Major Rock-forming Minerals  
The major rock forming minerals in CB1 are quartz, muscovite, biotite, orthoclase, and 
albite (Fig. 9). Clinochlore was the only secondary mineral identified. The major rock forming 
minerals were similar to what was found in Bothner (1978), where he found that Concord 
Granite was composed primarily of microcline, oligoclase, quartz, biotite and muscovite as the 
dominant phases. The accessory minerals present in CB1 and FM1 were not able to be identified 
using XRD because of the overlap of many of the 2-theta peaks with many of the rock forming 
mineral peaks. Also, oxide minerals are often amorphous or poorly crystalline, therefore making 
them very difficult to identify using XRD analysis. The major rock forming minerals in FM1 
include quartz, muscovite, biotite, anorthite, and albite. Strontium-apatite and clinochlore were 
the secondary minerals that were able to be identified (Fig. 10). Clay minerals did not appear to 
be present in CB1 using XRD analysis. In FM1, it is likely that clay minerals are present in small 
amounts. The most probable clay mineral present is illite. The FM1 sample had a very broad 
peak located at approximately 9 degrees 2-theta. There were several smaller peaks encompassed 
by the broad peak but they were not easily identifiable because of the overlap of sheet silicates 
with illite. Also, illite has an additional peak that overlaps with the 100% quartz peak making its 
identification even more difficult.  
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 The elemental composition of Concord Granite was identified by Barker (2013). Overall, 
Concord Granite sampled from Merrimack County is poor in CaO, Fe2O3, MgO, MnO, P2O5, and 
TiO2 with concentrations of 0.45, 0.7, 0.45, 0.03, 0.26, 0.11 wt. %, respectively. Additionally, 
Concord Granite was found to be rich in Al2O3, Na2O, and SiO2 with concentrations of 14.9, 
3.65, and 74.9 wt. %, respectively. Whole rock trace metal concentrations were also identified by 
Barker (2013) with the major groundwater contaminant concentrations of 33.33 ppm Zn, 4.4 










Number Mineral Chemical Formula 
1 Quartz SiO2 
2 Sheet Silicates (Muscovite, Biotite) 
KAl3Si3O10(OH)2, 
K(Mg,Fe)3AlSi3O10(OH)2  
3 Albite NaAlSi3O8 
4 Orthoclase KAlSi3O8 
5 Clinochlore (Mg,Fe2+)5Al2Si3O10(OH)8 
Figure 9. XRD analysis of Concord Granite (CB1) with adjacent table identifying the mineral 
associated with each peak. The major rock forming minerals found in CB1 are similar to those 




Number Mineral Chemical Formula 
1 Quartz SiO2 
2 Sheet Silicates (Muscovite, Biotite) 
KAl3Si3O10(OH)2, 
K(Mg,Fe)3AlSi3O10(OH)2  
3 Anorthite, Albite CaAl2Si2O8, NaAlSi3O8 
4 Strontium-Apatite (Sr,Ca)5(PO4)3(F,OH) 
5 Clinochlore (Mg,Fe2+)5Al2Si3O10(OH)8 
Figure 10. XRD analysis of glacial till (FM1) with adjacent table identifying the mineral 








2.3.2 Reactive Surface Area, Observations, and Physicochemical Parameters 
The SSA of the 125-250 micron samples used in this study have an average SSA of 
approximately 0.05446 m2, approximately 203 times more than the original 1.5-inch grain size 
recommended by the novel shallow well design (Table A2, Table A3). In both the pH 2 and pH 
5.5 experiments, a hydrogen sulfide odor was noted starting at hour 24 and continuing through 
hour 48. 
  During the pH 2 experiments, pH increased over time primarily as a result of hydrolysis 
and the release of carbonates during mineral weathering. The CB1 pH 2 experiment showed an 
increase in pH of about 1.2 pH units over the 768-hour run period, compared to an increase of 
only 0.6 pH units in FM1 and 1 pH unit in CBFM1 (Fig. 11). Dissolved oxygen (DO) 
measurements showed a decrease in DO during the first 24-48 hours of the pH 2 experiments 
followed by a subsequent increase in DO for the duration of the experiment (Fig. 11). The 
minimum dissolved oxygen value measured during the pH 2 experiments was 1.25 mg/L, well 
above the 0.5 mg/L classification given by the USGS for anoxic waters (Fig. 11). Reactivity 
experiments tested under pH 5.5 starting conditions experienced a rapid increase in pH over the 
first 96 hours up to between 7.64 and 8.84, followed by a decline and stabilization with values 
closer to neutral pH (Fig. 12). The waters within the pH 5.5 experiments remained well 
oxygenated for the duration of the study with values ranging from 5.5 to 9.0 mg/L (Fig. 12).  
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Figure 11. Relationship between reactivity time and (a) pH and (b) dissolved oxygen (DO) in pH 
2 experiments. X-axis is on a log scale. PH shows increasing trend over time for all rock types. 
DO initially decreases and then stabilizes before increasing until the duration of the experiment. 
Standard deviation for pH samples was 0.1. DO standard deviation was 0.5 mg/L. 






Figure 12. Relationship between reactivity time and (a) pH and (b) dissolved oxygen (DO) in all 
pH 5.5 experiments. X-axis is on a log scale. PH increased very quickly from a starting pH of 5.5 
for all rock types. DO initially decreases and then stabilizes before increasing until the duration 
of the experiment. Standard deviation for pH samples was 0.01. DO standard deviation was 0.5 
mg/L. Any error bars that cannot be seen are error bars smaller than the symbol it represents. 
 
3.3.3 Concord Granite pH 2 Experiment 
 The concentrations of major ions (Fe, Al, Mg) increased throughout the duration of the 
Concord Granite (CB1) pH2 experiment with no signs of reaching equilibrium (Fig. 13). The 




followed by a decline in concentrations over the next 8 hours. This valley in concentrations at 
hour 10 was then followed by two more peaks at hour 48 and 192. Iron reached its maximum 
concentration at hour 768 with a value of just over 120,000 ppb or 120 ppm making up almost 
62% of all ions in solution. Aluminum and Mg also reached maximum values at hour 762 with 
concentrations of over 22,000 ppb and 18,000 ppb, respectively (Fig. 13). Manganese and Ni 
followed a similar profile to the major ions dissolved in solution with an overall increase in 
concentration over time (Fig. 13). Manganese and Ni both had maximum concentrations at hour 
768 of just under 4,500 ppb and just over 70 ppb, respectively. Lead and U also follow similar 
profiles to the elements previously discussed with Pb and U reaching maximum concentrations 
of approximately 44 ppb and 11 ppb, respectively (Fig. 13). Copper and Zn were the two metals 
that did not follow the same patterns as the other trace metals (Fig. 14). Zinc concentrations 
increased to about 200 ppb over the first two hours and then remained relatively stable until hour 
24 where there was a spike in Zn up to 1,400 ppb followed by an immediate decrease to less than 
200ppb over the following 24 hours. Another smaller peak in Zn occurred at hour 192 with a 
maximum concentration of close to 700 ppb followed by another immediate decline over the 
next 192 hours. Copper increased up to 200 ppb over the first 2 hours and remained stable over 
the following 22 hours until there was a decline to 40 ppb at hour 24 followed by a return to 200 
ppb and an increase to just over 450 ppb at hour 768 (Figure 14). The CB1 experiments had very 
minimal amounts of fine-grained materials or rock flour present during the experiments 
compared to FM1. Arsenic did not show strong correlations with any other elements and 
concentrations remained below the MCL for the duration of the 768-hour experiment (Fig. 15). 
  
Figure 13. Relationship between reactivity time and (a) Mg, Al, Fe, (b) Mn, Ni, Co, and (c) Pb, U in Concord Granite (CB1) pH 2 
experiments. X-axis is on a log scale. All elements follow similar adsorption-desorption tracks. All error bars are 1 standard deviation. 







Figure 14. Zinc and Cu concentrations versus time in CB1 pH 2 experiments. X-axis is on a log 
scale. There was a large spike in Zn concentrations at hour 24 coinciding with a decrease in Cu 
concentrations. All error bars are 1 standard deviation. Any error bars that cannot be seen are 
error bars smaller than the symbol it represents. 
 
 
Figure 15. Arsenic concentrations versus time for all pH 2 experiments. X-axis is on a log scale. 
All samples in the Concord Granite (CB1) and mixed lithology (CBFM1) experiments are below 
the MCL for As but 2 samples in the glacial till (FM1) experiment are above the MCL. All error 
bars are 1 standard deviation. Any error bars that cannot be seen are error bars smaller than the 
symbol it represents.
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3.3.4 Glacial Till pH 2 Experiment 
 Pearson correlation calculations found that Al, Fe, Mg, and Mn were all strongly 
positively correlated (>0.87) following similar concentration paths in the glacial till (FM1) 
experiment (Fig. 16, Table A4).  This concentration path started with an increase in 
concentration for the first 2 hours followed by 10 hours of stabilization and then a gradual 
increase for the remainder of the study up to concentrations of about 48,000, 116,000, 10,000, 
and 2,800 ppb, respectively. The Fe concentrations had more variability in the concentration over 
time with two separate peaks at hours 48 and 384 separated by a concentration valley that is 
about 20,000 ppb lower than the two peaks. During the concentration decrease in Fe, a rapid 
increase in Zn, Ni and Co concentrations occurred resulting in a spike in concentrations of over 
200 ppb in Ni, 2,250 ppb in Zn, and 175 ppb in Co (Fig. 17). This increase in concentrations was 
followed by an immediate decrease in concentrations at hour 384 down to near previous levels. 
Lead and U concentrations also followed a similar profile to Zn, Ni, and Co with concentrations 
increasing more than 170 and 180 ppb, respectively (Fig. 17). Arsenic concentrations exceeded 
MCL levels in 2 of the sampling periods at hours 24 and 48 with concentrations of 10.69 and 
13.41 ppb, respectively (Fig. 15). Arsenic had a strong positive correlation with Fe and Mn and 





Figure 16. Relationship between reactivity time and (a) Fe, Al and (b) Mg, Mn, Cu in glacial till 
(FM1) pH 2 experiments. X-axis is on a log scale. All error bars are 1 standard deviation. Any 

















Figure 17. Relationship between reactivity time and (a) Zn, Ni, Co and (b) Pb, U in glacial till 
(FM1) pH 2 experiments. X-axis is on a log scale. Notice a large peak in Zn, Ni, Co, Pb, and U a 
result of Zn sulfide dissolution. All error bars are 1 standard deviation. Any error bars that cannot 









3.3.5 Mixed Lithology pH 2 Experiment 
 The majority of all major and trace metals followed a very similar concentration profile 
in the mixed lithology (CBFM1) experiment (Fig 18). There were 3 different phases of elemental 
release and adsorption that occurred in the CBFM1 pH 2 experiments, the largest of the 3 cycles 
occurred between hour 24 and 96 where there was significant elemental release, followed by 
adsorption, and finally elemental release again. The adsorption phase of this cycle at hour 48 
resulted in a 50 to 75% reduction in elemental concentrations dissolved in solution. Over the 
following 48 hours, a substantial release in elemental concentrations occurred resulting in even 
higher concentrations of all elements than before the adsorption phase. Arsenic and U had a 
strong positive correlation with all of the major ions (Fe, Mg, Mn, and Al), as well as a strong 
positive correlation with Pb and Co (Fig. 15, Fig. 18). Arsenic and U did not exceed either of 
















Figure 18. Relationship between reactivity time and (a) Mg, Al, Ni, (b) Cu, Zn, Mn, (c) Fe, Co, and (d) Pb, U in mixed lithology 
(CBFM1) pH 2 experiments. X-axis is on a log scale. All error bars are 1 standard deviation. Any error bars that cannot be seen are 
error bars smaller than the symbol it represents.
(a) (b) 
(c) (d) 





3.3.6 Concord Granite pH 5.5 Experiment 
 There are two different concentration profiles present in the Concord Granite (CB1) pH 
5.5 experiments. The first profile consists of the elements Fe, Mg, Zn, and U (Fig. 19). This 
profile follows a shape similar to a positive exponential curve with maximum concentrations at 
hour 768. The second curve occurs for all other elements (As, Pb, Al, Cu, Mn, and Co) and 
follows an adsorption-desorption sequence (Fig. 19, Fig. 20). The concentrations of elements for 
the CB1 pH 5.5 were significantly lower than the pH 2 experiments with no concentrations larger 
than 570 ppb. Arsenic concentrations did exceed the MCL in 3 out of 4 samples with a maximum 
concentration of 14.37 ppb (Fig. 20). Arsenic was also weakly negatively correlated to DO and 
weakly positively correlated to pH (Table A5). Manganese concentrations also exceeded the 
secondary MCL set by the EPA of 50 ppb in all samples with a maximum concentration of 157 
















Figure 19. Relationship between reactivity time and (a) Mg, Al, Mn, Fe, (b) Co, Cu, Zn, and (c) Pb, U in Concord Granite (CB1) pH 
5.5 experiments. X-axis is on a log scale. Nickel was below the limit of quantification in all samples. All error bars are 1 standard 










Figure 20. Concentration of As versus time for all pH 5.5 experiments. X-axis is on a log scale. 
All error bars are 1 standard deviation. Any error bars that cannot be seen are error bars smaller 
than the symbol it represents. 
 
3.3.7 Glacial Till pH 5.5 Experiment 
 All major and trace metals followed a similar profile in the glacial till (FM1) pH 5.5 
experiment similar to the adsorption-desorption curve present in the CB1 pH 5.5 experiment 
(Fig. 21). Arsenic concentrations were very low during this experiment with a maximum value of 
just 1.84 ppb (Fig. 20). Arsenic also has a strong positive correlation to pH with a Pearson R 
squared value of 0.84. Manganese concentrations exceeded secondary MCL levels in 3 out of 4 
samples with concentrations as high as 761 ppb (Fig. 20). Lead and U concentrations were both 
low with maximum values of 1.42 and 4.35 ppb, respectively (Fig. 21). Arsenic showed strong 
positive correlations to U, Pb, Al, Fe and Ni (Table A6). All major ions had maximum 






Figure 21. Relationship between reactivity time and (a) Mg, Al, Mn, Fe, (b) Co, Cu, Zn, and (c) Pb, U in glacial till (FM1) pH 5.5 
experiments. Nickel was below limit of quantification in all samples and Zn was below the limit of quantification in the hour 24 and 
hour 384 sampling periods. All error bars are 2 standard deviations. Any error bars that cannot be seen are error bars smaller than the 








3.3.8 Mixed Lithology pH 5.5 Experiment 
 Similarly to CB1 and FM1, the underlying trend of most elements is one of adsorption-
desorption (Fig. 20). Uranium does not follow this trend and instead follows an exponential type 
curve with a maximum concentration of about 4 ppb (Fig. 22). Lastly, As showed several periods 
of dissolution with an increase in concentration between the first two sampling times followed by 
little to no change and ending with another increase in concentration up to a value of about 7.5 
ppb (Fig. 20). The concentrations of the major elements (Mg, Al, and Fe) were significantly 
higher in the mixed lithology (CBFM1) pH 5.5 experiment compared to the other two pH 5.5 
experiments with concentrations greater than 2,500 ppb for Mg and Al and almost 5,000 ppb for 




















Figure 22. Relationship between reactivity time and (a) Mg, Al, (b) Cu, Zn, Mn, Fe, and (c) Pb, U in mixed lithology (CBFM1) pH 
5.5 experiments. X-axis is on a log scale. All Co, Zn, and Ni samples were not plotted because they were below the limit of 







3.4.1 Pairing Reactivity Experimentation with Field Data 
 The fine-grained samples used during the reactivity experiments are indicative of a high 
rock to water ratio similar to an environment that would be present during low water table 
conditions, when there is slower flow and the only water present is held onto grains by 
intermolecular forces. Continual drying and wetting of fill materials during the year can often 
result in increased concentrations of trace metals as a result of increased contact time and higher 
rock to water ratios. Additionally, the process of breaking down samples into adequate grain 
sizes for the reactivity experiments likely exposed fresh highly reactive mineral surfaces, as well 
as the exposure of any clays that may have been present within the inner workings of a grain.  
   
3.4.2 Mineral Buffering and Oxygenating Conditions 
 Mineral decomposition reactions, which served to buffer acidic solutions was identified 
in all experiments. The buffering of these solutions is often the result of calcium carbonate 
minerals such as calcite which reacts with carbonic acid to produce a calcium ion and 
bicarbonate. In both CB1 and FM1, it is unlikely that carbonate minerals are the primary 
buffering agent as granites and glacial till often contain minimal amounts of the mineral. Both 
CB1 and FM1 were tested for the presence of calcium carbonate using dilute 1M HCl, with both 
tests coming back negative. Instead, other mineral buffers likely responsible for the buffering 
include plagioclase feldspars, muscovite, and biotite, as well as, accessory minerals such as 
apatite. Feldspars, muscovite, and biotite can buffer acidic solutions through incongruent 
dissolution and hydrolysis. The presence of clay minerals created as a result of incongruent 
dissolution may also result in an increased buffering capacity caused by cation exchange on the 
surface of clay grains. Incongruent dissolution in feldspars and micas is often a slow process 
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compared to buffering as a result of calcium carbonate. Apatite is a calcium phosphate accessory 
mineral and follows a congruent dissolution pathway through the uptake of up to 7 hydronium 
ions producing calcium ions, dihydrogen phosphate, and water. This reaction often occurs very 
quickly in acidic waters, often within the first 50 hours of dissolution before reaching 
equilibrium and can result in an increase of between 1.5 and 3 pH units depending on the apatite 
mineral present and the starting pH (Valsami-Jones et al. 1998).  
 The hydrogen sulfide odor produce during the initial days of the experiment is likely the 
result of a reaction between sulfur-rich minerals and HCl, rather than an indication of anoxic 
bacterial production. This reaction often occurs very quickly especially under strongly acidic 
environments where hydronium ions are readily available. The most common minerals found in 
CB1 and FM1 that could result in this reaction are Galena (PbS2) and Pyrite (FeS2). These 
minerals breakdown through congruent dissolution to release metals into solution and create 
hydrogen sulfide gas. An increase in dissolved oxygen concentrations after the hour 48 sampling 
period may have resulted in the removal of hydrogen sulfide gas by oxygenating it producing 
elemental sulfur and water.  
 
3.4.3 Initial Mineral Surface, Oxides, and Clay Desorption 
 The initial fast release of most elements during the first two hours of pH 2 experiment 
experimentation can be primarily linked to the release of elements from clay surfaces, surface 
mineral complexations, and the initial breakdown of mineral lattices. The presence of clay 
minerals at the beginning of CB1 experimentation is most likely very minimal to non-existent 
because granites are igneous rocks and unless heavily weathered do not contain large proportions 
of clay minerals. By contrast, FM1 is likely to have a much larger proportion of clay minerals as 
a result of its depositional history. Surface mineral complexations mainly consist of oxides that 
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are highly soluble and contain bonds that are easily broken in acidic solutions releasing cations 
into solution. The most abundant oxides include Fe, Mn, Al, and Mg. These oxides are likely to 
be present as both coatings on the surface of mineral grains, as well as within the highly reactive 
microscopic cracks that run through the grains (Ganor et al. 2005). Ganor et al. (2005) also found 
that these coatings cover many of the freshly exposed surfaces during the breakdown and 
grinding of samples. In order for the weathering of mineral lattices to occur oxide coatings must 
be dissolved in solution to allow for contact between minerals and the acidic solution. In the 
current experiments, it is not possible to differentiate where the release of oxide coatings ends 
and mineral weathering begins, and as a result, it is not possible to determine what percentage of 
the initial fast release is the result of each reaction. 
 Granitoid dissolution experiments by Erel et al. (2004) identified four subsequent 
leaching stages using Pb and Sr isotopes. In their pH 1 flow-through dissolution experiments 
they found that the first 200 hours of leaching was controlled by the release of trace elements 
from calcite and to a lesser extent the interlayered sites of biotite. The second stage from 200-
400 hours was found to be leaching from the interlayer sites of biotite. The third stage between 
400-1000 hours is primarily biotite dissolution and to a lesser extent plagioclase. Lastly, stage 
four is predominantly feldspar dissolution with biotite dissolution to a lesser extent. These four 
stages identified by Erel et al. (2004) cannot be identified in the dissolution experiments 
examined in this study. The most plausible reasoning for this is because the methods of the 
current experiment do not use a flow through cell to continuously cycle water into the dissolution 
vessel. As a result, the current experimentation identifies adsorption-desorption processes 
prevalent under low water table conditions rather than the concentration of trace metals under 
natural flow through conditions similar to the event-based time series data.  
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3.4.4 Total Concentrations of Metals 
 Arsenic concentrations exceeding the MCL are predominantly found in groundwater 
systems that have pH greater than 7 or DO < 1 mg/L (Zheng and Ayotte 2015). None of the 
reactivity experiments studied have dissolved oxygen concentrations less than 1 mg/L, although 
the CB1, FM1, and CBFM1 pH 5.5 experiments all contained waters with pH greater than 7. All 
increases in As concentrations above the MCL within the pH 2 experiments are associated with a 
larger release of Fe into solution. Iron concentrations increased anywhere from 50 to 85 ppm 
during the periods of As maxima. Arsenopyrite is the most common and abundant of the As rich 
minerals and therefore is the most likely culprit for the subsequent increase in As and Fe 
concentrations. The pH 5.5 experiments do not appear to be as heavily reliant on Fe dissolution 
for the release of As into solution. Instead, As concentrations move closely with relation to pH, 
Rb, Sr, and Mg. High As concentrations are very rare in silicate minerals and as a result it seems 
unlikely that the correlations between As and Rb, Sr, and Mg is the result of silicate dissolution 
(Akai et al. 2004). The relationship between pH and As has been noted throughout scientific 
literature, this relationship appears to be increasingly evident between CB1 and FM1 in the pH 
5.5 experiments. When the pH in CB1 exceeded a pH of ~8, As concentrations were above the 
MCL 100% of the time. Conversely, when FM1 had a pH below 8, As concentrations did not 
exceed the MCL. This fundamental concept explains why shallow dug wells that exist in acidic, 
oxygenated groundwater profiles often contain minimal to no As.  
 In both of the CB1 experiments, U has a strong correlation to Rb and Sr concentrations 
indicating a release from silicate minerals. In CB1, U concentrations are highest where total 
Rb/Sr concentrations are lowest. This suggests a linkage between Sr (Ca, Mg) rich minerals and 
U concentrations in solution. Smedley and Pearce (2016) found similar results in alkali-feldspars, 
where individual grains with KRb>6% had low concentrations of U and grains with KRb<6% had 
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higher concentrations. At hour 48 of the pH 2 experiments, there was an increase in Sr 
concentrations of approximately 30% that corresponds to both an increase in Mg and U 
concentrations of similar magnitudes. In contrast to CB1, FM1 Rb/Sr concentrations have no 
correlation to U. The largest release of U at hour 192 in the FM1 pH 2 experiment linked with 
the release of Zn, Pb, Ni and Co is likely the result of the dissolution of the mineral sphalerite, a 
Zn sulfide. Sphalerite has the ability to incorporate a wide range of trace elements into its lattice 
making it a viable culprit for the increase in trace metals (Zhao et al. 2016). There does not 
appear to be clear reasoning what may have caused this release from sphalerite as there were no 
statistically significant changes in pH or DO, although pH did increase and DO decreased during 
sphalerite release. A study by Acero et al. (2007) found that the reaction rates of sphalerite has a 
first-order relationship with pH and a zero-order relationship with DO. Under near neutral 
conditions sphalerite dissolutions is very slow but can be quickly dissolved under increasingly 
acidic conditions or by microbial activities. The overall sphalerite oxidation equation is:  
ZnS + 8 Fe3 + + 4 H2O     8 H+ + S042+ + Zn2 + + 8 Fe2 +  
indicating an expected release of 1 Zn to every 8 Fe3+ removed from solution (Rimstidt et al. 
1993). During the release of sphalerite in the FM1 pH2 experiments the ratio of Fe adsorption to 
Zn release was ~5 indicating that the overall sphalerite oxidation equation is significant but some 
lower oxidation state sulfur is also produced (Rimstidt et al. 1993). The amount of Fe dissolution 
compared to Zn adsorbed during the sampling period following Zn dissolution had a ratio of 
7.8:1 indicating the increase in Fe is primarily linked to Zn adsorption. It is also possible that 
sphalerite became exposed on the surface of a grain and was quickly weathered into solution. 
Santos et al. (2016) also postulate that rapid sphalerite leaching rates are considerably enhanced 
by Fe3+ and pyrite complexations in solution. The low U concentrations in the FM1 pH 5.5 
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experiments were most likely the result of adsorption of U (VI) species on to the surface of 
weathered grains. 
 The high correlations of Fe and Mn in the pH 2 experiments is most likely connected to 
Fe and Mn oxyhydroxides adsorbed to clays and the surface of grains. A paper by McMahon et 
al. (2019) found that glacial till aquifers were the most likely (~23.5%) to be contaminated with 
Mn especially if the source water is within 5 meters of the surface. The pH 2 experiments did not 
confirm the findings of McMahon et al. (2019), as the Concord Granite (CB1) dissolved 
approximately 38% more Mn than the glacial till (FM1). Under pH 2 conditions it appears that 
the magnitude of dissolution is proportionate to both the pH and the amount of clay minerals 
present. FM1 had a noticeably larger amount of rock flour or clay minerals that had settled on the 
surface of each reaction cell. These fine-grained materials may have provided a site for 
adsorption of Mn resulting in lower Mn concentrations over all. The pH 5.5 experiments 
followed more closely with the findings of McMahon et al. (2019). The high Mn concentrations 
in FM1 are most likely the result of dissolution from clay and Fe/Mn hydroxides that were 
adsorbed during glaciation. The high concentrations of Mn examined by Carlisle et al. (2019) in 
LSW-331 at the beginning of their study was most likely a similar desorption process as the 
findings of this study. Not only that, but the high concentrations of Mn could be linked to the 
high nitrate concentrations found in the dug well, a result of ammonium oxidation in poorly 
buffered groundwater systems (McMahon et al. 2019). 
 
3.5 CONCLUSION 
Batch laboratory pH 2 and pH 5.5 experiments are used in this study to identify the 
magnitude and source of harmful trace metals from two outside sourced rock media. Arsenic 
concentrations in acidic pH environments are strongly correlated with Fe most likely from 
 51 
arsenopyrite dissolution. Under more alkaline conditions, especially above a pH of 8, As 
appeared to be strongly linked with pH. Seasonal changes in the pH of bedrock wells could result 
in fluctuations in As concentrations identified in previous works. In granitic backfill, U 
concentrations are linked to the dissolution of silicates. The strong positive correlation between 
Fe and Mn oxide concentrations suggests high concentrations of Mn in natural waters are the 
result of oxide dissolution. Orthoclase, albite, biotite, and muscovite are the major silicates 
linked to U dissolution. In glacial till, U concentrations appear to be controlled by sulfide 
mineral dissolution. In natural groundwaters, the more neutral pH will result in slower silicate 
and sulfide dissolution rates and therefore much lower concentrations of U. Through the use of 
event-based time series analysis and laboratory batch experiments, we were able to show that 
outside sourced media is not a major concern in the physicochemical conditions present in the 
shallow glacial aquifers typical in New England.  
 The concentrations of metals in the laboratory experiments are much higher than 
concentrations in the field primarily because of an increase in surface area as a result of breaking 
down grains to between 125 and 250 microns. The laboratory experiments signify a worst-case 
scenario in which the reactive surface area is much greater than field samples. As such, it is 
worth noting that As concentrations in the lab did not exceed 15 ppb even under favorable 
conditions for arsenic dissolution (basic pH and low DO). Accordingly, As dissolution is not a 
primary concern in the novel dug well backfill material because the grain size is too large and the 
conditions are too unfavorable to promote rapid dissolution to levels exceeding the MCL.  
 The geological make-up of outside sourced backfill material, though, could play an 
important role in the water quality of shallow groundwaters. The proportion of groundwater 
chemistry that originates from the backfill material is dependent on the solubility of the minerals 
present, the residence time of the groundwater and the effective grain size (a function of mineral 
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grain size and fracture networks). The backfill materials installed in the two shallow wells 
described in this study consisted primarily of difficult-to-weather minerals under natural 
groundwater conditions. As a result, it can be concluded that although these outside-sourced 
materials can contain large concentrations of trace metal contaminants (As, U, Mn, Fe, etc.), as 
identified during the dissolutions experiments, the large grain size, short residence times, and 
difficult-to-weather minerals result in an adequate supply of clean, safe drinking water for 
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Appendix A. Results Data Tables 
 
Table A1. Ionic Balance of CVW-315 and LSW-331 during the event-based precipitation 
sampling. Both wells are dilute with CVW-315 being dominated by Ca and bicarbonate and 
























Table A2. Reactive specific surface area (SSA) of the Concord Granite (CB1) and glacial till (FM1) reactivity material for both the 
125-250 micron samples, as well as the 1.5 inch backfill stone in the pH 2 experiments. The 125-250 micron samples contain over 200 
times more reactive surface area than the 1.5 inch stones.   
 
 
Table A3. Reactive specific surface area (SSA) of the Concord Granite (CB1) and glacial till (FM1) reactivity material for both the 
125-250 micron samples, as well as the 1.5 inch backfill stone in the pH 5.5 experiments. The 125-250 micron samples contain over 








Table A4. Pearson R-squared values for the glacial till (FM1) pH 2 experiment to identify correlations between elements. 













Iron         
(Fe)
Cobalt     
(Co)
Nickel      
(Ni)
Copper     
(Cu)








Barium   
(Ba)




pH 1.00 0.39 0.76 0.91 0.94 0.92 0.95 0.45 0.65 0.81 0.18 0.06 0.91 0.92 0.06 0.38 0.17 0.55
Dissolved Oxygen (DO) 0.39 1.00 -0.10 0.60 0.52 0.23 0.24 0.17 0.40 0.57 0.10 0.17 0.56 0.49 0.42 0.05 0.05 0.25
Arsenic (As) 0.76 -0.10 1.00 0.51 0.60 0.72 0.83 0.31 0.38 0.44 0.11 -0.21 0.54 0.69 0.21 0.31 0.10 0.20
Magnesium (Mg) 0.91 0.60 0.51 1.00 0.99 0.91 0.87 0.52 0.76 0.94 0.26 0.24 0.99 0.93 -0.04 0.44 0.26 0.68
Aluminium (Al) 0.94 0.52 0.60 0.99 1.00 0.94 0.92 0.53 0.76 0.92 0.26 0.23 0.99 0.95 -0.05 0.46 0.26 0.68
Manganese (Mn) 0.92 0.23 0.72 0.91 0.94 1.00 0.97 0.59 0.74 0.83 0.31 0.15 0.92 0.92 -0.19 0.55 0.33 0.63
Iron (Fe) 0.95 0.24 0.83 0.87 0.92 0.97 1.00 0.50 0.65 0.77 0.23 0.00 0.88 0.92 -0.03 0.45 0.23 0.54
Cobalt (Co) 0.45 0.17 0.31 0.52 0.53 0.59 0.50 1.00 0.94 0.60 0.95 0.21 0.48 0.67 0.03 0.99 0.95 0.06
Nickel (Ni) 0.65 0.40 0.38 0.76 0.76 0.74 0.65 0.94 1.00 0.83 0.82 0.27 0.72 0.84 0.04 0.90 0.81 0.26
Copper (Cu) 0.81 0.57 0.44 0.94 0.92 0.83 0.77 0.60 0.83 1.00 0.37 0.18 0.90 0.89 -0.04 0.53 0.36 0.54
Zinc (Zn) 0.18 0.10 0.11 0.26 0.26 0.31 0.23 0.95 0.82 0.37 1.00 0.17 0.21 0.45 0.13 0.96 0.99 -0.19
Scandium (Sc) 0.06 0.17 -0.21 0.24 0.23 0.15 0.00 0.21 0.27 0.18 0.17 1.00 0.29 0.14 -0.21 0.23 0.20 0.41
Rubidium (Rb) 0.91 0.56 0.54 0.99 0.99 0.92 0.88 0.48 0.72 0.90 0.21 0.29 1.00 0.91 -0.08 0.40 0.21 0.74
Strontium (Sr) 0.92 0.49 0.69 0.93 0.95 0.92 0.92 0.67 0.84 0.89 0.45 0.14 0.91 1.00 0.18 0.61 0.42 0.42
Barium (Ba) 0.06 0.42 0.21 -0.04 -0.05 -0.19 -0.03 0.03 0.04 -0.04 0.13 -0.21 -0.08 0.18 1.00 -0.01 0.03 -0.58
Lead (Pb) 0.38 0.05 0.31 0.44 0.46 0.55 0.45 0.99 0.90 0.53 0.96 0.23 0.40 0.61 -0.01 1.00 0.97 0.02
Uranium (U) 0.17 0.05 0.10 0.26 0.26 0.33 0.23 0.95 0.81 0.36 0.99 0.20 0.21 0.42 0.03 0.97 1.00 -0.14
Rb/Sr 0.55 0.25 0.20 0.68 0.68 0.63 0.54 0.06 0.26 0.54 -0.19 0.41 0.74 0.42 -0.58 0.02 -0.14 1.00
Table F. Pearson R squared values for the FM1 pH 2 experiment to identify correlations between elements. Highlighting denotes correlations greater than 0.7 denoting a strong correlation. 







Table A5. Pearson R-squared values for the Concord Granite (CB1) pH 5.5 experiment to identify correlations between elements. 




















Iron         
(Fe)
Cobalt     
(Co)
Nickel      
(Ni)
Copper     
(Cu)








Barium   
(Ba)




pH 1.00 -0.99 0.51 -0.58 -0.22 0.28 -0.81 0.07 0.43 0.14 -0.70 0.70 -0.53 -0.81 -0.98 -0.40 -0.59 0.93
Dissolved Oxygen (DO) -0.99 1.00 -0.63 0.46 0.09 -0.37 0.72 -0.05 -0.49 -0.24 0.58 -0.79 0.44 0.73 0.95 0.27 0.46 -0.87
Arsenic (As) 0.51 -0.63 1.00 0.39 0.67 0.79 0.07 0.10 0.71 0.75 0.26 0.83 0.32 0.06 -0.37 0.56 0.40 0.18
Magnesium (Mg) -0.58 0.46 0.39 1.00 0.90 0.52 0.94 0.14 0.30 0.62 0.99 -0.02 0.92 0.94 0.71 0.98 0.99 -0.83
Aluminium (Al) -0.22 0.09 0.67 0.90 1.00 0.84 0.75 0.40 0.67 0.90 0.84 0.19 0.91 0.75 0.40 0.97 0.85 -0.56
Manganese (Mn) 0.28 -0.37 0.79 0.52 0.84 1.00 0.31 0.67 0.97 0.99 0.41 0.34 0.67 0.30 -0.08 0.69 0.43 -0.08
Iron (Fe) -0.81 0.72 0.07 0.94 0.75 0.31 1.00 0.17 0.11 0.44 0.98 -0.34 0.91 1.00 0.90 0.86 0.92 -0.96
Cobalt (Co) 0.07 -0.05 0.10 0.14 0.40 0.67 0.17 1.00 0.77 0.66 0.11 -0.36 0.51 0.16 0.07 0.25 -0.01 -0.09
Nickel (Ni) 0.43 -0.49 0.71 0.30 0.67 0.97 0.11 0.77 1.00 0.93 0.19 0.30 0.52 0.10 -0.24 0.49 0.19 0.11
Copper (Cu) 0.14 -0.24 0.75 0.62 0.90 0.99 0.44 0.66 0.93 1.00 0.53 0.27 0.76 0.43 0.06 0.77 0.53 -0.21
Zinc (Zn) -0.70 0.58 0.26 0.99 0.84 0.41 0.98 0.11 0.19 0.53 1.00 -0.14 0.91 0.98 0.80 0.94 0.98 -0.90
Scandium (Sc) 0.70 -0.79 0.83 -0.02 0.19 0.34 -0.34 -0.36 0.30 0.27 -0.14 1.00 -0.22 -0.35 -0.66 0.11 0.05 0.53
Rubidium (Rb) -0.53 0.44 0.32 0.92 0.91 0.67 0.91 0.51 0.52 0.76 0.91 -0.22 1.00 0.90 0.69 0.93 0.85 -0.79
Strontium (Sr) -0.81 0.73 0.06 0.94 0.75 0.30 1.00 0.16 0.10 0.43 0.98 -0.35 0.90 1.00 0.90 0.86 0.92 -0.97
Barium (Ba) -0.98 0.95 -0.37 0.71 0.40 -0.08 0.90 0.07 -0.24 0.06 0.80 -0.66 0.69 0.90 1.00 0.56 0.70 -0.98
Lead (Pb) -0.40 0.27 0.56 0.98 0.97 0.69 0.86 0.25 0.49 0.77 0.94 0.11 0.93 0.86 0.56 1.00 0.95 -0.70
Uranium (U) -0.59 0.46 0.40 0.99 0.85 0.43 0.92 -0.01 0.19 0.53 0.98 0.05 0.85 0.92 0.70 0.95 1.00 -0.82
Rb/Sr 0.93 -0.87 0.18 -0.83 -0.56 -0.08 -0.96 -0.09 0.11 -0.21 -0.90 0.53 -0.79 -0.97 -0.98 -0.70 -0.82 1.00
Table E. Pearson R squared values for the CB1 pH 5.5 experiment to identify correlations between elements. Highlighting denotes correlations greater than 0.7 denoting a strong correlation. 







Table A6. Pearson R-squared values for the glacial till (FM1) pH 5.5 experiment to identify correlations between elements. 



















Iron         
(Fe)
Cobalt     
(Co)
Nickel      
(Ni)
Copper     
(Cu)








Barium   
(Ba)




pH 1.00 -0.31 0.84 0.21 0.70 0.15 0.70 0.53 0.84 0.65 0.92 0.81 0.87 0.60 0.05 0.78 0.94 0.30
Dissolved Oxygen (DO) -0.31 1.00 -0.36 0.74 0.29 0.78 0.29 0.52 0.14 0.37 -0.06 -0.47 0.20 0.57 -0.42 -0.45 -0.44 -0.90
Arsenic (As) 0.84 -0.36 1.00 0.34 0.78 0.28 0.78 0.61 0.84 0.73 0.91 0.99 0.71 0.37 -0.39 0.99 0.97 0.58
Magnesium (Mg) 0.21 0.74 0.34 1.00 0.83 1.00 0.83 0.94 0.70 0.87 0.55 0.24 0.63 0.76 -0.78 0.26 0.21 -0.44
Aluminium (Al) 0.70 0.29 0.78 0.83 1.00 0.79 1.00 0.97 0.97 1.00 0.92 0.70 0.90 0.80 -0.62 0.71 0.72 -0.03
Manganese (Mn) 0.15 0.78 0.28 1.00 0.79 1.00 0.79 0.92 0.65 0.84 0.49 0.17 0.58 0.74 -0.78 0.20 0.15 -0.49
Iron (Fe) 0.70 0.29 0.78 0.83 1.00 0.79 1.00 0.97 0.98 1.00 0.92 0.70 0.90 0.80 -0.62 0.71 0.72 -0.03
Cobalt (Co) 0.53 0.52 0.61 0.94 0.97 0.92 0.97 1.00 0.90 0.99 0.80 0.51 0.83 0.84 -0.69 0.52 0.52 -0.24
Nickel (Ni) 0.84 0.14 0.84 0.70 0.97 0.65 0.98 0.90 1.00 0.96 0.98 0.77 0.96 0.81 -0.44 0.76 0.83 0.04
Copper (Cu) 0.65 0.37 0.73 0.87 1.00 0.84 1.00 0.99 0.96 1.00 0.89 0.64 0.89 0.82 -0.64 0.65 0.66 -0.11
Zinc (Zn) 0.92 -0.06 0.91 0.55 0.92 0.49 0.92 0.80 0.98 0.89 1.00 0.86 0.93 0.71 -0.34 0.85 0.92 0.21
Scandium (Sc) 0.81 -0.47 0.99 0.24 0.70 0.17 0.70 0.51 0.77 0.64 0.86 1.00 0.62 0.25 -0.35 1.00 0.96 0.67
Rubidium (Rb) 0.87 0.20 0.71 0.63 0.90 0.58 0.90 0.83 0.96 0.89 0.93 0.62 1.00 0.91 -0.21 0.60 0.76 -0.13
Strontium (Sr) 0.60 0.57 0.37 0.76 0.80 0.74 0.80 0.84 0.81 0.82 0.71 0.25 0.91 1.00 -0.21 0.24 0.41 -0.53
Barium (Ba) 0.05 -0.42 -0.39 -0.78 -0.62 -0.78 -0.62 -0.69 -0.44 -0.64 -0.34 -0.35 -0.21 -0.21 1.00 -0.40 -0.16 -0.03
Lead (Pb) 0.78 -0.45 0.99 0.26 0.71 0.20 0.71 0.52 0.76 0.65 0.85 1.00 0.60 0.24 -0.40 1.00 0.95 0.68
Uranium (U) 0.94 -0.44 0.97 0.21 0.72 0.15 0.72 0.52 0.83 0.66 0.92 0.96 0.76 0.41 -0.16 0.95 1.00 0.55
Rb/Sr 0.30 -0.90 0.58 -0.44 -0.03 -0.49 -0.03 -0.24 0.04 -0.11 0.21 0.67 -0.13 -0.53 -0.03 0.68 0.55 1.00


























































































































































































































CB1 pH 2 Experiments
Table A
7. A
verage concentrations of m





































































































































































































































































































































































































































CB1 pH 2 Experim
ents




verage concentrations of m














































































































CB1 pH 5.5 Expermiments
Table A
8. A
verage concentrations of m













































































































































































































CB1 pH 5.5 Expermiments
CB1 pH 5.5 Expermiments
Table A
8. A
verage concentrations of m




















































































































































































































































































































































































































FM1 pH 2 Experiments
FM1 pH 2 Experiments
Table A
9 . A
verage concentrations of m
ajor, trace, and rare earth elem
ents from




































































































































































































































































































































































































































1 pH 2 Experim
ents
FM




verage concentrations of m
ajor, trace, and rare earth elem
ents from












































































































FM1 pH 5.5 Experiments
Table A
10. A
verage concentrations of m
ajor, trace, and rare earth elem
ents from












































































































































































































FM1 pH 5.5 Experiments
FM1 pH 5.5 Experiments
Table A
10 . A
verage concentrations of m
ajor, trace, and rare earth elem
ents from


















































































































































































































CBFM1 pH 2 Experiments
Table A
11. A
verage concentrations of m







































































































































































































































































































































































































































1 pH 2 Experim
ents
CBFM




verage concentrations of m















































































































CBFM1 pH 5.5 Experiments
Table A
12 . A
verage concentrations of m















































































































































































































CBFM1 pH 5.5 Experiments
CBFM1 pH 5.5 Experiments
Table A
12 . A
verage concentrations of m
ajor, trace, and rare earth elem
ents from
 m














































































































































































































































































































Table C. Average concentrations of m
ajor, trace and rare earth elem
ents from
 all reactivity experim
ents. Also included are quality control sam
ples, blanks and known concentration sam
ples. Each elem





verage concentrations of m
ajor, trace, and rare earth elem
ents from
 blanks and quality control sam
ples. Standard 

























































































































































































































































































































Table C. Average concentrations of m
ajor, trace and rare earth elem
ents from
 all reactivity experim
ents. Also included are quality control sam
ples, blanks and know
n concentration sam
ples. Each elem






verage concentrations of m
ajor, trace, and rare earth elem
ents from
 blanks and quality control sam
ples. Standard 
deviations are 1 standard deviation.  
